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We investigated the spin pumping damping contributed by paramagnetic layers (Pd, Pt) in both
direct and indirect contact with ferromagnetic Ni81Fe19 films. We find a nearly linear dependence
of the interface-related Gilbert damping enhancement ∆α on the heavy-metal spin-sink layer thick-
nesses tN in direct-contact Ni81Fe19/(Pd, Pt) junctions, whereas an exponential dependence is ob-
served when Ni81Fe19 and (Pd, Pt) are separated by 3 nm Cu. We attribute the quasi-linear thickness
dependence to the presence of induced moments in Pt, Pd near the interface with Ni81Fe19, quan-
tified using X-ray magnetic circular dichroism (XMCD) measurements. Our results show that the
scattering of pure spin current is configuration-dependent in these systems and cannot be described
by a single characteristic length.
I. INTRODUCTION
As a novel means of conversion between charge- and
spin- currents, spin Hall phenomena have recently opened
up new possibilities in magneto-electronics, with poten-
tial applications in mesocale spin torques and electrical
manipulation of domain walls1–9. However, several as-
pects of the scattering mechanisms involved in spin cur-
rent flow across thin films and interfaces are not entirely
understood. Fundamental studies of spin current flow in
ferromagnet/non-magnetic-meal (F/N) heterostructures
in the form of continuous films have attempted to iso-
late the contributions of interface roughness, microstruc-
ture and impurities10–12. magnet/non-magnetic-meal
(F/N) heterostructures in the form of continuous films
have attempted to isolate the contributions of interface
roughness, microstructure and impurities10–12. Proto-
typical systems in this class of studies are Ni81Fe19/Pt
(Py/Pt)3,5–7,13–18 and Ni81Fe19/Pd (Py/Pd)
8,11,14,16,19,20
bilayers. In these systems, Pt and Pd are employed either
as efficient spin-sinks or spin/charge current transform-
ers, in spin pumping and spin Hall experiments, respec-
tively. Pd and Pt are metals with high paramagnetic
susceptibility and when placed in contact with a ferro-
magnetic layer (eg. Py, Ni, Co or Fe) a finite magnetic
moment is induced at the interface by direct exchange
coupling21–24.
The role of the magnetic proximity effect on interface
spin transport properties is still under debate. Zhang et
al.25 have reported that induced magnetic moments in Pt
and Pd films in direct contact with Py correlate strongly
reduced spin Hall conductivities. This is ascribed to a
spin splitting of the chemical potential and on the energy
dependence of the intrinsic spin Hall effect. In standard
spin pumping theory26, possible induced moments in N
are supposed to be a priori included in calculations of
the spin-mixing conductance g↑↓ of a F|N interface27,28,
which tends to be insensitive to their presence.
Recent theoretical works, on the other hand, propose
the need of a generalized spin pumping formalisms in-
cluding spin flip and spin orbit interaction at the F|N
interface, in order to justify discrepancies between exper-
imental and calculated values of mixing conductance29,30.
At present, it is still an open issue whether and how
proximity-induced magnetic moments in F/N junctions
are linked to the variety of the spin-transport phenomena
reported in literature10,17,31.
Here, we present an experimental study of the pro-
totypical systems: Py/Pd, Pt and Py/Cu/Pd, Pt het-
erostructures. The objective of our study is to address
the role of proximity induced magnetic moments in spin
pumping damping. To this end, we employed two comple-
mentary experimental techniques. X-ray magnetic circu-
lar dichroism (XMCD) is an element sensitive technique
which allows us to quantify any static proximity-induced
magnetic moments in Pt and Pd. Ferromagnetic reso-
nance (FMR) measurements provide indirect information
on the spin currents pumped out the Py layer by the pre-
cessing magnetization, through the characterization of
the Pd, Pt thickness dependence of the interface-related
Gilbert damping α. In Fig. 3 (Sec. III B), comparative
measurements in Py/Cu/N and Py/N structures show a
change of the N thickness dependence of ∆α(tN) from
an exponential to a linear-like behavior. A change in
∆α(tN) indicates a transformation in the spin scattering
mechanism occurring at the interface, ascribed here to
the presence of induced moments in directly exchange
coupled F/N systems. Theoretical works predicted a
deviation from a conventional N-thickness dependence
when interface spin-flip scattering is considered in the
pumping model29,30, however no functional form was pro-
vided. For Py/N systems, we find that the experimental
thickness dependence cannot be described by standard
models16,26,32, but rather a linear function reproduces
2the data to a better degree of accuracy, by introducing
a different characteristic length. We speculate that the
spatial extent of spin current absorption in F/N systems
shows an inverse proportionality to interfacial exchange
coupling energy, obtained from XMCD, as proposed be-
fore for spin polarized, decoupled interfaces in F1/Cu/F2
heterostructures14.
II. EXPERIMENT
The heterostructures were fabricated by DC mag-
netron sputtering on ion-cleaned Si/SiO2 substrates in
the form of substrate/seed/multilayer/cap stacks, where
Ta(5 nm)/Cu(5 nm) bilayer was employed as seed. Ta/Cu
is employed to promote < 111 > growth in Py and subse-
quent fcc layers (Pd, Pt), and Ta is known to not affect
the damping strongly17,32,33. Different stacks were grown
as multilayer for each measurement.
For FMR measurements, we have multilayer =
Py(tF)/N(tN), Py(tF)/Cu(3 nm)/N(tN) with N = Pd,
Pt; an Al(3 nm) film, oxidized in air, was used as
cap. The smallest N layer thickness tN deposited is
0.4 nm, the maximum interdiffusion length observed
for similar multilayers34. Samples with multilayer =
Py(tN)/Cu(3 nm) and no sink layer were also fabricated
as reference for evaluation of the Gilbert damping en-
hancement due to the Pd or Pt layer. The tN-dependence
measurements of FMR were taken for Py thicknesses tF =
5and 10nm. Results from the tF = 10nm data set are
shown in Appendix A. Measurements of the FMR were
carried out at fixed frequency ω in the 4-24 Ghz range,
by means of an in-house apparatus featuring an external
magnetic field up to 0.9T parallel to a coplanar waveg-
uide with a broad center conductor width of 350µm.
For XMCD measurements, given the low X-ray ab-
sorption cross-section presented by Pt and Pd absorption
edges, a special set of samples was prepared, consisting
of 20 repeats per structure in order to obtain sufficiently
high signal-to-noise ratio. In this case, we havemultilayer
= [Py(5 nm)/N]20, with N = Pd(2.5 nm) and Pt(1 nm);
Cu(5 nm)/Py(5 nm)/Al(3 nm) was deposited as cap. The
Pt and Pd thicknesses were chosen to yield a damping
enhancement equal about to half of the respective satu-
ration value (as it will be shown later), i.e. a thicknesses
for which the F/N interface is formed but the damp-
ing enhancement is still increasing. XMCD experiments
were carried out at the Circular Polarization Beamline
ID-12 of the European Synchrotron Radiation Facility
(ESRF)35. Measurements were taken in total fluorescence
yield detection mode, at grazing incidence of 10◦, with
either left or right circular helicity of the photon beam,
switching a 0.9T static magnetic field at each photon en-
ergy value (further details on the method are in Ref.22).
No correction for self-absorption effects is needed; how-
ever XMCD spectra measured at the L2,3 edges of Pd
have to be corrected for incomplete circular polarization
rate of monochromatic X-rays which is 12% and 22% at
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FIG. 1. (Color online) X-ray absorption (XAS, left axis) and
magnetic circular dichroism (XMCD, right axis) spectra at
the L-edges of Pt (top panel) and Pd (bottom panel) for
[Py(5nm)/Pt(1 nm)]20 and [Py(5nm)/Pd(2.5 nm)]20 multilay-
ers. The dashed traces represent XAS spectra at L-edge of
Ag and Au used as background of Pd and Pt, respectively, to
extract the values of induced magnetic moment reported in
Tab. I.
L3 and L2, respectively. The circular polarization rate is
in excess of 95 % at the L2,3 edges of Pt.
III. RESULTS AND ANALYSIS
In order to study how the proximity-induced mag-
netic moments may affect the absorption of spin-currents
through interfaces, the static moment induced in Pt, Pd
layers in direct contact with ferromagnetic Py in char-
acterized first, by means of XMCD. The value of the
induced moment extracted for the two Py/N systems is
used to estimate the interfacial exchange energy acting on
the two paramagnets. Afterwards, the dynamic response
of the magnetization is addressed by FMR measurements
in Py/N (direct contact) and Py/Cu/N (indirect contact)
heterostructures. From FMR measurements carried out
on both configurations as a function of N thickness, the
damping enhancement due to the presence of the spin-
sink layers Pt and Pd is obtained from the frequency-
dependence of the FMR linewidth. The relation between
the static induced moment and the spin pumping damp-
ing is discussed by comparing the results of the direct
with indirect contact systems.
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FIG. 2. (Color online) XMCD spectra at the L3 edge of Pt
for [Py(5nm)/Cu(tCu)/Pt(1 nm)]15, with tCu = 0, 0.5 and
1 nm. As inset the ares of the peak is plot as a function of Cu
thickness.
A. XMCD: Probing the induced magnetic moment
In Fig. 1 we report X-ray absorption (XAS) and mag-
netic circular dichroism (XMCD) spectra at the L2,3
edges of Pt (top panel) and Pd (bottom panel) taken on
Py(5 nm)/Pt(1 nm)|20 and Py(5nm)/Pd(2.5 nm)|20, re-
spectively. Rather intense XMCD signals have been de-
tected at both Pt and Pd L2,3 edges, showing unambigu-
ously that a strong magnetic moment is induced by di-
rect exchange coupling at the Py|N interface. The static
induced moment is expected to be ferromagnetically cou-
pled with the magnetization in Py21. From the integrals
of XMCD spectra, the induced magnetic moment on the
Pt, Pd sites is determined by applying the sum rules as in
Ref.22 (and references therein). In Py/Pd(2.5 nm)|20, Pd
atoms bear a moment of 0.12 µB/at, averaged over the
whole volume of the volume, with an orbital-to-spin ratio
mL/mS = 0.05. In Py/Pt(1nm)|20, a magnetic moment
0.27 µB/at is found on Pt, comparable to that reported
for Ni/Pt epitaxial multilayers23, with a relatively high
orbital charactermL/mS = 0.18, as compared with Pd in-
duced moment. The large difference in volume-averaged
induced moment per atom comes from the different film
thickness, hence volume, for Pt and Pd. Assuming that
the induced magnetic moment is confined to the first
atomic layers at the interface with Py23,24, one could
estimate 0.32 µB/at for Pd and 0.30 µB/at for Pt
36.
When a 3 nm thick Cu interlayer is introduced between
Py and N, a two orders of magnitude smaller induced mo-
ment (0.0036 µB/at) was found for 2.5 nm Pd
22, while Pt
showed an XMCD signal of the order of the experimen-
tal sensitivity, ∼ 0.5 · 10−3 µB/at. In Fig. 2 XMCD
spectra at the L3 edge of Pt are shown for Cu interlayer
thicknesses 0, 0.5 and 1 nm. For 0.5 nm Cu the integral
of XMCD signal at the L3 edge shrinks to 30%, while
for 1 nm it is reduced to zero within experimental error.
This result could be explained either by a 3d growth of
the Cu layer, allowing a fraction of the Pt layer to be in
direct contact with Py for Cu coverages of 0.5 nm, or by
N χmol
37 S37 N0 abulk tN 〈M〉 Mi Jex
[cm3/mol] [1/eV·at] [nm] [nm] [µB/at] [µB/at] [meV]
10−4
Pd 5.5±0.2 9.3 0.83±0.03 0.389 2.5 0.116 0.32 42
Pt 1.96±0.1 3.7 0.74±0.04 0.392 1.0 0.27 0.30 109
TABLE I. Spin-sink layer N properties in Py/N heterostruc-
tures: experimental molar susceptibility χmol at 20
◦C; den-
sity of states N0 calculated from tabulated χmol; Stoner pa-
rameter S from Ref.37; bulk lattice parameter a; layer thick-
nesses tN; volume averaged induced magnetic moment 〈M〉
from XMCD measurement in Fig. 1; interface magnetic mo-
ment Mi
36; Py|N interfacial exchange energy per interface
atom Jex (Eq. 1).
diffusion of magnetic Ni atoms in Cu on a scale shorter
than 1 nm. The film then becomes continuous, and at
1 nm coverage, no direct exchange coupling takes place
between Py and Pt layers. For FMR measurements pre-
sented in the following section, a 3 nm thick Cu interlayer
is employed, reducing also any possible indirect exchange
coupling.
From the values of induced moments in Pd and Pt,
we can make a step forward and estimate the interfacial
exchange coupling energies for the two cases. Equating
interatomic exchange energy Jex and Zeeman energy for
an interface paramagnetic atom, we have (see Appendix
B1 for the derivation)
Jex =
1
2
〈M〉
µBN0S
tN
ti
(1)
where 〈M〉 is the thickness-averaged paramagnetic
moment, N0 is the single-spin density of states (in
eV−1at−1), S is the Stoner factor and ti = 2 ∗ a/
√
3
is the polarized interface-layer thickness36. The 1/2 fac-
tor accounts for the fact that in XMCD measurements
the N layer has both interfaces in contact with F. Un-
der the simplifying assumption that all the magnetic mo-
ment is confined to the interface N layer and assuming
experimental bulk susceptibility parameters for χv, we
obtain JPdex = 42 meV for Pd and J
Pt
ex = 109 meV for
Pt (results and properties are summarized in Tab. I).
Here the difference in estimated Jex, despite roughly
equal Mi, comes from the larger Stoner factor S for
Pd. A stronger interfacial exchange energy in Pt de-
notes a stronger orbital hybridization, yielding possibly
a higher orbital character of the interfacial magnetic mo-
ment in the ferromagnetic Py counterpart21. For com-
parison, we consider the interatomic exchange param-
eters Jex in ferromagnetic Py and Co, investigated in
Ref.14. Jex is estimated from the respective Curie tem-
peratures TC, through Jex ≃ 6kBTC/ (m/µB)2, where m
is the atomic moment in µB/at (see Appendix B 2). Ex-
perimental Curie temperatures of 870K and 1388K give
JCoex =293meV for Co and J
Py
ex =393meV for Py, which
are of the same order of the value calculated for Pt (de-
tails about calculation in Appendix B2).
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FIG. 3. (Color online) Damping enhancement ∆α, due to
pumped spin current absorption, as a function of thickness tN
for Py(5 nm)/N and Py(5 nm)/Cu(3 nm)/N heterostructures,
with N = Pd(tN) (panels a,c), Pt(tN) (panels b,d). Solid
lines result from a fit with exponential function (Eq. 2) with
decay length λα. Dashed lines represents instead a linear-
cutoff behavior (Eq. 3) for tN < tc. Please notice in panels a,
c the x-axis is in logarithmic scale. In panels b, c the damping
enhancement is normalized to the respective saturation value
∆α0.
In the following, the effect of these static induced mo-
ments on the spin pumping damping of the heterostruc-
tures characterized will be discussed.
B. FMR: damping enhancement
The main result of our work is now shown in Figure
3. In Fig. 3 the damping enhancement ∆α is plotted as
a function of the spin-sink layer thickness tN, for Py/Pd,
Py/Cu/Pd (panels a, c) and Py/Pt, Py/Cu/Pt (panels
b, d). The enhancement ∆α is compared with the damp-
ing α of a reference structure Py(5 nm)/Cu, excluding
the sink layer N. Each value of α results from established
analysis of the linewidth of 11 FMR traces13,14, employ-
ing a g-factor equal to 2.09 as a constant fit parameter
for all samples.
In Py/Cu/N systems (Fig. 3, green square markers),
∆α rises with increasing tN thickness to similar satura-
tion values ∆α0 = 0.0027, 0.0031 for Pd and Pt, but
reached on different length scales, given the different char-
N g↑↓eff(Py|Cu/N) λα g↑↓eff(Py|N) tc
[nm−2] [nm] [nm−2] [nm]
Pd 7.2 5.8±0.2 14 5.0±0.3
Pt 8.3 2.4±0.1 32 1.8±0.2
TABLE II. Mixing conductance values extracted from the
damping enhancement ∆α at saturation in Fig. 3, and re-
spective length scales (see text for details).
acteristic spin relaxation lengths of the two materials.
From the saturation value, an effective mixing conduc-
tance g↑↓eff(Py|Cu/N) = 7.2 − 8.3 nm−2 is deduced in the
framework of standard spin pumping picture13,17,19, with
Py saturation magnetization µ0Ms = 1.04T. The fact
that the spin-mixing conductance is not material depen-
dent indicates that similar Cu|N interfaces are formed.
The thickness dependence is well described by the expo-
nential function14,20
∆α(tN) = ∆α0(1− exp (−2tN/λNα )) (2)
as shown by the fit in Fig. 3a-b (continuous line). As
a result, exponential decay lengths λPtα = 1.8 nm and
λPdα = 5.8 nm are obtained for Pt and Pd, respectively.
When the Pt, Pd spin-sink layers come into direct con-
tact with the ferromagnetic Py, the damping enhance-
ment ∆α(tN) changes dramatically. In Py/N systems
(Fig. 3a-b, triangle markers), the damping saturation val-
ues become ∆αPt0 = 0.0119 and ∆α
Pd
0 = 0.0054 for Pt
and Pd, respectively a factor ∼2 and ∼4 larger as com-
pared to Py/Cu/N. Within the spin-pumping descrip-
tion, a larger damping enhancement implies a larger spin-
current density pumped out of the ferromagnet across the
interface and depolarized in the sink.
In Py/N heterostructures, because of the magnetic
proximity effect, few atomic layers in N are ferromagnet-
ically polarized, with a magnetic moment decaying with
distance from the Py|N interface. The higher value of
damping at saturation might therefore be interpreted as
the result of a magnetic bi-layer structure, with a thin
ferromagnetic N characterized by high damping αNhigh
coupled to a low damping αFlow ferromagnetic Py
38. To
investigate whether damping is of bi-layer type, or truly
interfacial, in Fig 4 we show the tF thickness dependence
of the damping enhancement ∆α, for a Py(tF)/Pt(4 nm)
series of samples. The power law thickness dependence
adheres very closely to t−1F , as shown in the logarithmic
plot. The assumption of composite damping for syn-
chronous precession, as ∆α(t1) = (α1t1+α2t2)/(t1+ t2),
shown here for t2 = 0.25nm and 1.0 nm, cannot follow
an inverse thickness dependence over the decade of ∆α
observed. Damping is therefore observed to have a pure
interfacial character.
In this case, the mixing conductances calculated from
the saturation values are g↑↓eff(Py|Pd) = 14 nm−2 and
g↑↓eff(Py|Pt) = 32 nm−2. From ab initio calculations
within a standard spin-pumping formalism in diffusive
films10,29, it is found g↑↓eff(Py|Pd) = 23 nm−2 for Pd and
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FIG. 4. Logarithmic plot of the damping enhancement ∆α
(triangle markers) as a function of the Py layer thickness tF,
in Py(tF)/Pt(4 nm). Solid and dashed lines represents, re-
spectively, fits according to the spin pumping (interfacial)
model ∆α = Kt−1F and to a α
low(tF)/α
high(t2) bilayer model,
with t2 = 0.25, 1.0nm. Inset : Gilbert damping α for Py(tF)
(square markers) and Py(tF)/Pt(4 nm) (round markers).
g↑↓eff(Py|Pt) = 22 nm−2 for Pt. Theoretical spin mixing
conductance from a standard picture does reproduce the
experimental order of magnitude, but it misses the 2.3
factor between the Py|Pt and Py|Pd interfaces. Beyond
a standard pumping picture, Liu and coworkers29 intro-
duce spin-flipping scattering at the interface and calcu-
late from first principles, for ideal interfaces in finite dif-
fusive films: g↑↓eff(Py|Pd) = 15 nm−2, in excellent agree-
ment with the experimental value here reported for Pd
(Tab. II), and g↑↓eff(Py|Pt) = 25 nm−2. Zhang et al.10
suggest an increase up to 25% of the mixing conductance
can be obtained by introducing magnetic layers on the
Pt side. The results here reported support the emerging
idea that a generalized model of spin pumping including
spin-orbit coupling and induced magnetic moments at
F|N interfaces may be required to describe the response
of heterostructures involving heavy elements.
The saturation value of damping enhancement at ∆α0
as a function of the Cu interlayer thickness is shown in
Fig. 5 to follow the same trend of the XMCD signal
(dashed line), reported from Fig. 2. Indeed, it is found
that the augmented ∆α0 in Py/N junctions is drasti-
cally reduced by the insertion of 0.5 nm Cu at the Py|N
interface17, and the saturation of the Py/Cu/N configu-
ration is already reached for 1 nm of Cu interlayer. As
soon as a continuous interlayer is formed and no magnetic
moment is induced in N, ∆α0 is substantially constant
with increasing Cu thickness.
The N-thickness dependence of ∆α(tN) in Py/N sys-
tems before saturation is addressed in the following. At
variance with the Py/Cu/N case, the thickness depen-
dence of ∆α is not anymore well described by an expo-
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FIG. 5. (Color online) Normalized damping enhancement ∆α
(left axis), due to spin pumping, as a function of interlayer
thickness tCu for Py(5 nm)/Cu(tCu)/N heterostructures, with
N = Pd(7 nm), N = Pt(3 nm). The dashed line represents the
XMCD signal (right axis) reported from inset in Fig. 2.
nential behavior, as an exponential fit (with exponential
decay length as only free fit parameter) fails to repro-
duce the increase of ∆α towards saturation (solid lines
in Fig. 3a-b). More rigorous fitting functions employed
in spin pumping experiments, within standard spin trans-
port theory16,26,32, cannot as well reproduce the experi-
mental data (see Appendix. A). It is worth mentioning
that the same change of trend between the two configu-
rations was observed for the same stacks with a 10 nm
thick Py layer (data shown in Appendix A, Fig. 7). A
change of the functional dependence of ∆α on tN re-
flects a change in the spin-depolarization processes the
pumped spin current undergoes, as for instance shown in
Ref.30 when interfacial spin-orbit coupling is introduced
in the spin-pumping formalism. Experimentally, a linear
thickness dependence with sharp cutoff has been shown
to characterize spin-current absorption in spin-sink lay-
ers exhibiting ferromagnetic order at the interface, as re-
ported for F1/Cu/F2(tF2) junctions with F = Py, Co,
CoFeB14. Given the presence of ferromagnetic order in
N at the interface of F/N structures, the data are tenta-
tively fit with a linear function
∆α = ∆α0tN/t
N
c (3)
This linear function better reproduce the sharp rise of
∆α (dashed lines in Fig. 3a-b) and gives cutoff thick-
nesses tPtc = 2.4 ± 0.2 nm and tPdc = 5.0 ± 0.3 nm for Pt
and Pd, respectively. The linearization is ascribed to the
presence of ferromagnetic order in the paramagnetic Pd,
Pt spin-sink layers at the interface with the ferromag-
netic Py. The linear trend extends beyond the thickness
for which a continuous layer is already formed (less than
1 nm), and, especially for Pd, far beyond the distance
within the non-uniform, induced moment is confined (up
to 0.9 nm). In Ref.14, the cutoff tc in F/Cu/F heterostruc-
tures is proposed to be on the order of the transverse spin
coherence length λJ in ferromagnetically ordered layers.
λJ can be expressed in terms of the exchange splitting
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FIG. 6. Effect of direct exchange strength on length scale of
spin current absorption. Cutoff thickness tc extracted from
the ∆α(tN) data in Fig. 3 as a function of reciprocal interfa-
cial exchange energy 1/Jex extracted from XMCD in Fig. 1.
Labels are given in terms of Jex. The Co and Py points are
from Ref.14.
energy Jex,
λJ =
hvg
2Jex
(4)
where vg is the electronic group velocity at the Fermi
level. This form, found from hot-electron Mott
polarimetry1, is expressed equivalently for free electrons
as pi/|k↑ − k↓|, which is a scaling length for geometrical
dephasing in spin momentum transfer2. Electrons which
enter the spin-sink at EF do so at a distribution of angles
with respect to the interface normal, traverse a distribu-
tion of path lengths, and precess by different angles (from
minority to majority or vice versa) before being reflected
back into the pumping ferromagnet. For a constant vg,
it is therefore predicted that tc is inversely proportional
to the exchange energy Jex.
In Figure 6 we plot the dependence of the cutoff thick-
ness tNc upon the inverse of the estimated exchange energy
Jex (Tab. I), as extracted from the XMCDmeasurements.
A proportionality is roughly verified, as proposed for the
transverse spin coherence length across spin polarized in-
terfaces. Under the simplistic assumption that tc = λJ,
from the slope of the line we extract a Fermi velocity
of ∼ 0.1 · 106m/s (Eq. 4), of the order of magnitude ex-
pected for the materials considered39,40. These data show
that, up to a certain extent, length scale for spin-current
scattering shares common physical origin in ferromag-
netic layers and paramagnetic heavy-metals, such as Pd
and Pt, under the influence of magnetic proximity effect.
This unexpected results is observed in spite of the fact
that F1/Cu/F2 and F/N systems present fundamental
differences. In F/N structure, the induced moment in N
is expected to be directly exchange coupled with the fer-
romagnetic counterpart. Whereas in F1/Cu/F2, the mag-
netic moment in F2 (off-resonance) are only weakly cou-
pled with the precession occurring in F1 (in-resonance),
through spin-orbit torque and possible RKKY interac-
tion. Magnetization dynamics in N might therefore be
expected with its own pumped spin current, albeit, to
the best of our knowledge, no experimental evidence
of a dynamic response of proximity induced moments
was reported so far. From these considerations and the
experimental findings, counter-intuitively the proximity-
induced magnetic moments appear not to be involved in
the production of spin current, but rather to contribute
exclusively with an additional spin-depolarization mech-
anism at the interface.
IV. CONCLUSIONS
We have investigated the effect of induced magnetic
moments in heavy metals at Py/Pt and Py/Pd inter-
faces on the absorption of pumped spin currents, by
analyzing ferromagnetic resonance spectra with varying
Pt, Pd thicknesses. Static, proximity-induced magnetic
moments amount to 0.32 and 0.3 µB/atom in Pd and
Pt, respectively, at the interface with Py, as deduced
from XMCD measurements taken at the L2,3 edges. We
have shown that when the proximity induced moment
in Pt and Pd is present, an onset of a linear-like thick-
ness dependence of the damping is observed, in con-
trast with an exponential trend shown by Py/Cu/Pd
and Py/Cu/Pt systems, for which no induced moment
is measured. These results point to the presence of an
additional spin-flip process occurring at the interface and
to a change of the character of spin current absorption
in the ultrathin Pd and Pt paramagnets because of the
interfacial spin polarization. The range of linear increase
is proposed to be inversely proportional to the interfa-
cial exchange energy in Py/Pt and Py/Pd, inferred from
XMCD data.
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Appendix A: N-thickness dependence
In order to confirm the results presented in the
manuscript, additional sample series with thicker Py
layer were fabricated and measured. The experimental
results for 10 nm thick Py layer are shown in Fig.s 7 and
8 for Pd and Pt, respectively. We have presented the data
here, rather than including them with the other plots in
Figure 3, to keep the figures from being overcrowded. As
expected when doubling the ferromagnet thickness, the
saturation values ∆α0 are about half of those measured
for 5 nm Py (Fig. 3). Confirming the data presented in
the manuscript, it is observed again a change of thickness
dependence of ∆α(tN), from exponential for Py/Cu/N
(solid lines; Eq. 2, λα = 4.8 nm and 1.4nm for Pd and Pt
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FIG. 7. Damping enhancement ∆α, due to pumped
spin current absorption, as a function of thickness tPd
for Py(10 nm)/Pd and Py(10 nm)/Cu(3 nm)/Pd heterostruc-
tures. Solid lines result from a fit with exponential function
(Eq. 2) with decay λα. Dashed lines represents instead a
linear-cutoff behavior (Eq. 3) for tPd < tc. Short-dash and
point-dash traces are fit to the data, employing equations
from standard spin transport theory (see text for details)16,32.
In bottom panel, ∆α is normalized to the respective satura-
tion value.
respectively) to linear -like for Py/N (dashed lines; Eq. 3,
tc = 5.3 nm and 2nm for Pd and Pt respectively).
The experimental data are also fitted with a set of
equations derived from standard theory of diffusive spin
transport16,26,32, describing the the dependence of ∆α
on the thickness of adjacent metallic layers (either N or
Cu/N in our case) as follow
∆α =
γh¯
4piMstFM
g↑↓
1 + g
↑↓
/gx
ext
(A1)
with (Eq. 7 in Ref.16, and Eq. 6 in Ref.32)
gNext = gN tanh tN/λ
N
sd
g
Cu/N
ext = gCu
gCu coth tN/λNsd + gN coth tCu/λ
Cu
sd
gCu coth tN/λNsd coth tCu/λ
Cu
sd
+ gN
(A2)
where gx = σx/λxsd, σx and λ
x
sd are the electrical conduc-
tivity and spin diffusion length of the non magnetic layer
x. For the thin Cu layer, we used a resistivity ρCu =
1 × 107Ωm and a spin diffusion length λCusd = 170 nm32.
For the Pt and Pd layers, two fitting models in which the
conductivity of the films is either constant or thickness
dependent are considered, as recently proposed by Boone
and coworkers16. The values of conductivity, as taken di-
rectly from Ref.16, will influence the spin diffusion length
λNsd and spin mixing conductance g
↑↓ resulting from the
fit, but will not affect the conclusions drawn about the
overall trend. When a constant resistivity is used (short-
dash, blue lines), the model basically corresponds to the
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FIG. 8. Damping enhancement ∆α, due to pumped
spin current absorption, as a function of thickness tPt for
Py(10 nm)/Pt and Py(10 nm)/Cu(3 nm)/Pt heterostructures.
Solid lines result from a fit with exponential function (Eq. 2)
with decay λα. Dashed lines represents instead a linear-cutoff
behavior (Eq. 3) for tPt < tc. Short-dash and point-dash
traces are fit to the data, employing equations from standard
spin transport theory (see text for details)16,32. In bottom
panel, ∆α is normalized to the respective saturation value.
simple exponential function in Eq. 2. It nicely repro-
duces the data in the indirect contact case (Py/Cu/N)
for both Pd (Fig. 7) and Pt (Fig. 8), but it fails to fit
the direct contact (Py/N) configuration. When a thick-
ness dependent resistivity of the form ρN = ρ
b
N + ρ
s
N/tN is
used (dash-point, cyan lines)16, in Py/Cu/N systems, no
significant difference with the other functions is observed
for Pt, while for Pd a deviation from experimental trend
is observed below 1.5 nm. In Py/N systems, the fit better
describes the rise at thicknesses shorter than the charac-
teristic relaxation length, while deviates from the data
around the saturation range.
Models from standard spin transport theory cannot
satisfactorily describe the experimental data for the di-
rect contact Py/N systems. For this reason a different
mechanism for the spin depolarization processes has been
proposed, considering the presence of induced magnetic
moments in N in contact with the ferromagnetic layer.
Appendix B: Interfacial interatomic exchange
1. Paramagnets
We will show estimates for exchange energy based
on XMCD-measured moments in [Py/(Pt, Pd)]repeat su-
perlattices. Calculations of susceptibility are validated
against experimental data for Pd and Pt. Bulk suscepti-
bilities will be used to infer interfacial exchange parame-
8ters J iex.
a. Pauli susceptibility For an itinerant electron sys-
tem characterized by a density of states at the Fermi
energy N0, if an energy ∆E splits the spin-up and spin-
down electrons, the magnetization resulting from the
(single-spin) exchange energy ∆E is
M = µB
(
N↑ −N↓) = 2µBN0S∆E (B1)
where N0 is the density of states in #/eV/at, S is the
Stoner parameter, and 2∆E is the exchange splitting in
eV. Moments are then given in µB/at. Solving for ∆E,
∆E =
M
2µBN0S
(B2)
If the exchange splitting is generated through the ap-
plication of a magnetic field, ∆E = µBH ,
µBH =
M
2µBN0S
(B3)
and the dimensionless volume magnetic susceptibility
can be expressed
χv ≡ M
H
= 2µ2BN0 S (B4)
In this expression, the prefactor can be evaluated
through
µ2B = 59.218 eVA˚
3
(B5)
so with N0[=]/eV/at, χv takes units of volume per
atom, and is then also called an atomic susceptibility, in
cm3/at, as printed in Ref37.
b. Molar susceptiblity Experimental values are tabu-
lated as molar susceptibilities. The atomic susceptibility
χv can be contrasted with the mass susceptibility χm and
molar susceptibility χmol
χmass =
χv
ρ
χmol =
ATWT
ρ
χv (B6)
where ATWT is the atomic weight (g/mol) and ρ is
the density (g/cm3). These have units of χmass[=]cm
3/g
and χmol[=]cm
3/mol. The molar susceptibility χmol is
then
χmol = 2µ
2
BN0NA S (B7)
in cm3/mol, where µB is the Bohr magneton, and
2N0S =
χmol
NAµ2B
(B8)
Eq. B8 provides a convenent method to estimate exper-
imental unknowns, the density of states N0 and Stoner
parameter S, from measurements of χmol.
Example: for Pd, the low-temperature measurement
(different from the room-temperature measurement in Ta-
ble I) is χmol ∼ 7.0 × 10−4 cm3/mol. In the denomina-
tor, (NAµ
2
B) = 2.622 × 10−6Ry · cm3/mol, The value
2N0S consistent with the experiment is 266/(Ry-at) or
19.6/(eV-at). For the tabulated measurement of S = 9.3,
the inferred density of states is then N0 = 1.05/eV/at.
c. Interfacial exchange We can assume that the Zee-
man energy per interface atom is equal to its exchange
energy, through the Heisenberg form
M2p
χv
Vat = 2J
i
exsfsp (B9)
where Mp is the magnetization of the paramagnet,
with the atomic moment of the paramagnet mp in terms
of its per-atom spin sp,
Mp =
mp
Vat
mp = 2µBsp (B10)
Vat is the volume of the paramagnetic site, sf,p are the
per-atom spin numbers for the ferromagnetic and para-
magnetic sites, and J iex is the (interatomic) exchange en-
ergy acting on the paramagnetic site from the ferromag-
netic layers on the other side of the interface. Interatomic
exchange energy has been distinguished from intraatomic
(Stoner) exchange involved in flipping the spin of a single
electron. Rewriting Eq B9,
M2p
χv
Vat = 2J
i
exsf
Mp
2µB
Vat (B11)
if sf = 1/2, appropriate for 4piMs ∼ 10 kG,
J iex = 2µB
Mp
χv
(B12)
and substituting for χv through Eq B4,
J iex =
Mp
µBN0S
(B13)
In the XMCD experiment, we measure the thickness-
averaged magnetization as < M > in a [F/N ]n super-
lattice. We make a simplifying assumption that the ex-
change acts only on nearest-neighbors and so only the
near-interface atomic layer has a substantial magnetiza-
tion. We can then estimate Mp from < M > through
< M > tp = 2Mpti (B14)
9where ti is the polarized interface-layer thickness of
N36. Since the interface exists on both sides of the N
layer, 2ti is the thickness in contact with F . Finally,
Jex =
1
2
< M >
µBN0S
tp
ti
(B15)
The exchange energy acting on each interface atom,
from all neighbors, is JPtex = 109 meV for Pt and
JPdex = 42 meV for Pd. Per nearest neighbor for an
ideal F/N(111) interface, it is JPy|Pt = 36 meV and
JPy|Pd = 14 meV. Per nearest neighbor for an inter-
mixed interface (6 nn), the values drop to 18 meV and 7
meV, respectively.
Since explicit calculations for these systems are not
in the literature, we can compare indirectly with theo-
retical values. Dennler41 showed that at a (3d)F/(4d)N
interface (e.g. Co/Rh), there is a geometrical enhance-
ment in the moment induced in N per nearest-neighbor
of F . The 4d N atoms near the F interface have larger
induced magnetic moments per nn of F by a factor of
four. Specific calculations exist of JF|N (per neighbor)
for dilute Co impurities in Pt and dilute Fe impurties in
Pd42. JFe−Pd ∼ 3 meV is calculated, roughly indepen-
dent of composition up to 20% Fe. If this value is scaled
up by a factor of four, to be consistent with the inter-
face geometry in the XMCD experiment, it is ∼ 12 meV,
comparable with the value for Pd, assuming intermixing.
Therefore the values calculated have the correct order of
magnitude.
2. Ferromagnets
The Weiss molecular field,
HW = βMs (B16)
where β is a constant of order 103, can be used to give
an estimate of the Curie temperature, as
TC =
µBgJJ (J + 1)
3kB
HW (B17)
Density functional theory calculations have been used
to estimate the molecular field recently42,43; for spin type,
the J (J + 1) term is substutited with < s >2, giving an
estimate of
TC =
2 < s >2 J0
3kB
(B18)
where < s > is the number of spins on the atom as in
Eq B10; see the text by Sto¨hr and Siegmann44. < s >
can be estimated from m =1.07µB for Py and 1.7µB for
Co, respectively. Then
J0 ≃ 6kBTC
(m/µB)
2
(B19)
with experimental Curie temperatures of 870 and 1388
K, respectively, gives estimates of J0 = 293 meV for Co
and J0 = 393 meV for Py.
Note that there is also a much older, simpler method.
Kikuchi45 has related the exchange energies to the Curie
temperature for FCC lattices through
J = 0.247kBTC (B20)
Taking 12 NN, 12J gives a total energy of 222 meV for
Py (870 K) and 358 meV for FCC Co (1400K), not too
far off from the DFT estimates.
d. Other estimates The J0 exchange parameter is
interatomic, describing the interaction between spin-
clusters located on atoms. Reversing the spin of one of
these clusters would change the energy J0. The Stoner
exchange ∆ is different, since it is the energy involved in
reversing the spin of a single electron in the electron sea.
Generally ∆ is understood to be greater than J0 because
it involves more coloumb repulsion; interatomic exchange
can be screened more easily by sp electrons.
This exchange energy is that which is measured by
photoemission and inverse photoemission. Measurements
are quite different for Py and Co. Himpsel40 finds an
exchange splitting of ∆ = 270 meV for Py, which is not
too far away from the Weiss J0 value. For Co, however,
the value is between 0.9 and 1.2 eV, different by a factor
of four. For Co the splitting needs to be estimated by a
combination of photoemission and inverse photoemission
because the splitting straddles EF .
46.
For comparison with the paramagnetic values of J iex,
we use the J0 estimates, since they both involve a bal-
ance between Zeeman energy (here in the Weiss field)
and Heisenberg interatomic exchange. Nevertheless the
exchange splitting ∆ex is more relevant for the estimate
of λc = hvg/(2∆ex). For Py, the predicted value of λc
from the photoemission value (through λc = pi/|k↑− k↓|)
is 1.9 nm, not far from the experimental value of 1.2 nm.
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